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Abstract

Imprinted genes are often grouped in clusters at defined chromosomal locations. Long-range 

regulatory effects are implicated in the control of imprinting and these could be co-opted in the 

emergence of novel imprinted genes during evolution. We present a detailed analysis of a novel 

imprinted GFP mouse line. Tel7KI is a new insertion allele near the Ins2 locus within a cluster of 

imprinted genes on distal mouse Chr 7. The GFP reporter becomes regulated by the host domain 

in two notable fashions. First, transcription of GFP is imprinted and active exclusively from the 

maternally inherited allele in the embryo. Second, the expressed maternal allele is subject to 

position effects reflecting a distinct pattern of expression. The GFP reporter acquires silencing 

DNA methylation marks on the paternal allele after fertilization. This imprinting is not acquired in 

the placenta, where GFP is active from both parental alleles, demonstrating key epigenetic 

differences between embryonic and extra-embryonic lineages. Our analysis shows that imprinted 

clusters can provide environments conducive to the acquisition of imprinting upon novel inserted 

transcriptional units. The Tel7KI line offers new powerful avenues to explore both genetic and 

environmental factors implicated in the acquisition and maintenance of imprinted transcription in 

mammals.
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Introduction

Genomic imprinting represents a unique epigenetic regulatory mechanism operating in 

placental mammals and originating from differential epigenetic marks inherited from the 

paternal and maternal genomes at fertilization (Reik and Walter, 2001a). The most widely 

studied manifestation of these allelic differences is the parent-of-origin specific monoallelic 

expression of so-called imprinted genes. As a group, these genes share a number of 

important characteristics which provide some insight into the molecular mechanisms 

involved in their regulation (Wood and Oakey, 2006). Imprinted genes tend to be grouped 

together in large chromosomal domains, suggesting that some aspect of the imprinting 

mechanism is mediated via cis interactions between loci. At the epigenetic level, DNA 
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methylation at promoter regions has been associated with silencing at imprinted genes, 

transcripts on the inactive X chromosome, as well as during programmed or pathological 

silencing of gene expression in mammals (Weber and Schübeler, 2007).

The imprinted domain located close to the telomeric end of mouse chromosome 7 (Chr 7) 

has provided an important model for the study of imprinting (Reik et al., 2004). This region, 

covering ~1 Mb, contains two differentially methylated regions (DMRs) which inherit their 

DNA methylation imprints directly from one of the parental germlines. At the proximal end, 

the imprinting centre 1 (IC1, or H19 DMR) located 2.3 kb upstream of the maternally 

expressed H19 gene acquires a DNA methylation imprint during spermatogenesis but 

remains unmethylated in the maternal germline (Bartolomei et al., 1993; Ferguson-Smith et 

al., 1993; Tremblay et al., 1995). The DNA methylation germline imprint at IC1 spreads to 

the H19 promoter and is responsible for silencing of the paternal allele of H19 (Srivastava et 

al., 2000). Furthermore, IC1 is implicated in the long-range regulation of Igf2 and Ins2 via 

the formation of a DNA-methylation sensitive insulator requiring the binding of CTCF to the 

unmethylated maternal IC1 (Leighton et al., 1995; Bell and Felsenfeld, 2000; Hark et al., 

2000; Szabó et al., 2000). The mechanisms by which the effects of this epigenetically 

controlled insulator are restricted along Chr 7 are unknown, thus it is not known whether it 

can bias allelic usage at sites distal of Ins2.

Regulating the more distal imprinted domain, IC2 (KvDMR1) acts at least in part as the 

CpG-rich promoter for the long non-coding RNA Kcnq1ot1 (Fitzpatrick et al., 2002). Since 

IC2 is specifically methylated during oogenesis (Smilinich et al., 1999), only the paternally 

inherited allele of Kcnq1ot1 is expressed, leading to paternal allele-specific recruitment of 

Polycomb group proteins and repressive histone marks which are implicated in the silencing 

of at least ten neighboring protein-coding genes (Lewis et al., 2004; Umlauf et al., 2004; 

Terranova et al., 2008). The exact function of Kcnq1ot1 is still unknown, though both the 

presence of IC2 and proper paternal expression of the transcript are required for silencing in 

cis of two categories of imprinted genes found in this cluster: the ubiquitously imprinted 

genes, monoallelically expressed in both embryo and placenta, and the placentally-imprinted 

genes, which show monoallelic expression only the placenta (Lewis et al., 2006; Shin et al., 

2008). Proximally, silencing from IC2 spreads ~330 kb to the Ascl2 locus, which is 

exclusively expressed from the maternal allele in the placenta (Guillemot et al., 1995). The 

recent identification of Th and Dhcr7 as preferentially expressed from the maternal allele in 

the placenta (Schulz et al., 2006) has led to the proposition of a broader domain of IC2-

regulated genes, mediated by a Polycomb group protein-dependent compaction of the 

paternal chromosome expressing Kcnq1ot1 (Terranova et al., 2008). As in the case of IC1, 

the extent of the spreading of this ncRNA-mediated silencing is currently unknown.

We present here the initial characterization of a novel transgenic mouse line carrying an 

insertion on Chr 7 between the IC1- and IC2-regulated clusters and expressing the 

fluorescent reporter EGFP. This line, called Tel7KI (official name Ins2tm1Lef), was obtained 

in the course of experiments aimed at truncating Chr 7 using a linear telomere seed vector 

(Oh et al., 2008) by a Cre-mediated trans reaction involving a targeted loxP-containing 

promoter-less neo cassette, the I2loxP allele (Ins2tm1.1Nagy, MGI: 3807183) located 2.6 kb 

upstream of the Ins2 gene (Fig. 1A) and a vector containing the CAG-EGFP reporter and a 
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Pgk-1 promoter (Pgk) followed by a loxP site (Fig. 1B). Using this approach, we have 

previously described the generation of two modifications of distal Chr7, the chromosomal 

truncation DelTel7 (discussed in detail in (Oh et al., 2008)) and the conditional insertion 

Tel7KI, which is the subject of the current study. Previously the CAG-EGFP construct, 

driving widespread embryonic and postnatal GFP expression in the mouse (Okabe et al., 

1997), has been shown to be capable of undergoing epigenetic silencing on the inactive X 

chromosome (Hadjantonakis et al., 2001). Other than this case, several transgenic lines 

which have been derived with the same promoter-enhancer combination showed no evidence 

of epigenetic regulation. This includes EGFP, EYFP, ECFP, dsRed variants as well as CAG-

based conditional constructs. These results imply the the CAG enhancer-promoter 

combination does not contain the necessary signals to direct its own imprinting at ectopic 

sites in the genome (Okabe et al., 1997; Novak et al., 2000; Hadjantonakis et al., 2001; 

Nakanishi et al., 2002; Hadjantonakis and Papaioannou, 2004).

We show here that the Tel7KI allele is regulated by genomic imprinting in the embryo and is 

exclusively expressed from the maternal allele. It provides a sensitive and non-invasive assay 

to study the epigenetic regulation of imprinted transcription throughout mammalian 

development. The paternal allele acquires repressive DNA methylation marks post-

fertilization, which are present in the embryo but not in the extra-embryonic tissues. 

Accordingly, Tel7KI is not imprinted in the placenta. Our findings show that long-range 

signals can impart a complex tissue-specific imprinted regulation to an inserted 

transcriptional unit. This line provides a powerful model for genetic studies of genomic 

imprinting in vivo and raises important issues on the tissue-specific spreading of epigenetic 

signals on distal Chr 7.

Materials and methods

Tel7KI line: ES cells and mice

Derivation of Tel7KI by a recombinase-mediated insertion at the Ins2 locus was previously 

described (Oh et al., 2008). The culture and electroporation of embryonic stem (ES) cells 

followed standard protocols (Nagy et al., 2003). 129S1/SvImJ mice are from The Jackson 

Laboratory (stock number: 002448), CD-1 mice from the UBC Animal Care Centre. The 

congenic mouse line with distal Chr 7 M. m. castaneus SNPs on the 129S1 background was 

derived in our laboratory (129S1cCAST7/Lef). All animal experimentation followed the 

guidelines from the Canadian Council on Animal Care (CCAC) under UBC animal care 

license numbers A03-0289 and A03-0292.

Embryos and genotyping

Heterozygous Tel7KI male and/or female mice were mated to 129S1, CD-1 or 

129S1cCAST7 animals. For timed mating, the day of the vaginal plug is E0.5. Pre-

implantation embryos were collected at E3.5 as described (Nagy et al., 2003). Females were 

sacrificed at the desired day from E7.5 to E18.5, embryos were scored for GFP phenotype 

and yolk sac samples were taken for PCR genotyping (Nagy et al., 2003). Photographs at 

low magnification were taken on a Leica MS5 dissecting microscope equipped with a Q-

imaging Micropublisher 3.3 RTC colour camera and the fluorescent light source MAA-03 
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(BLS Ltd.). Genotyping of the Tel7KI allele was performed with the Δ5′ PCR reaction (Oh 

et al., 2008). Homozygous mutant embryos were detected by a positive Δ5′ PCR reaction 

and absence of a wild-type band (I2wt). Primer sequences for genotyping are given in Table 

S1.

DNA bisulfite modification and sequencing

DNA was extracted from the remaining Trizol fraction or from tissues digested with 

proteinase K (Lefebvre et al., 1997). 1–2 μg of genomic DNA was treated with sodium 

bisulfite (Davis et al., 1998; Umlauf et al., 2004; Oh et al., 2008) and 1 μl of the treated 

DNA was used in the first round of nested PCR as follows: 40 cycles of 95°C for 30s, 52°C 

for 30s and 72°C for 30 s. 1 μl of the first round product was used in a 50-μl reaction for a 

second PCR with an annealing temperature of 55°C for 35 cycles. Bisulfite PCR for the β-

actin promoter (36 CpGs) was a semi-nested reaction, using primers BABF6 and BABR5d 

in round 1 (299 bp), followed by round 2 with BABF6 and BABR4c (253 bp). Bisulfite 

sequencing primers for the GFP open-reading-frame were a gift from M. Lorincz and 

analyze 37 CpGs in a 430-bp fragment. For each sample, four independent PCR reactions 

were performed and four cloned strands were sequenced per PCR. All primer sequences are 

in Table S1.

Flow cytometry

E9.5 embryos were washed in PBS and passed through a p200 pipette tip in the presence of 

trypsin (0.25%, Gibco). Suspensions were pipetted up and down to disaggregate cells after 2 

and 5 minutes at 37°C, the trypsin was inactivated by the addition of FACS buffer (PBS with 

2mM EDTA, 20% FCS (Gibco), and 2mg/ml Propidium Iodide (Gibco)), and cells passed 

through a 26-gauge needle. For sorting cells from E10.5 embryos, the procedure was 

identical, though collagenase/dispase (Roche, 1mg/ml) was used in place of trypsin. 

Analyses were performed on a BD LSRII and sorting on a BDFacsARIA. Data analysis was 

performed with FlowJo 8.0.

RNA extraction and RT-PCR

RNA was extracted from snap-frozen tissues by a single-step isolation using Trizol 

(Invitrogen Life Technologies, CA) according to manufacturer’s directions. Approximately 

1μg of RNA was reverse transcribed as per Invitrogen SSII protocol. Q-PCR on 1μl of 

cDNA was performed on an Bio-Rad Opticon 2: 95°C 2 minutes followed by 35 cycles of 

95°C 30 sec, 58°C 30 sec, 72°C 30 sec, 85°C 1sec with plate read. Ct values of triplicate 

samples were averaged and used to calculate relative amounts of transcript, normalized to 

Gapdh. EGFP transcript from Tel7KI was detected with the BAE1F and BAE1R primers 

(Table S1).

Immunohistochemistry

Embryos and placentae were fixed in 4% paraformaldehyde (PFA, Sigma) and embedded as 

described (Cowan et al., 2001). Frozen blocks were sectioned on a Leica CM3050 cryostat 

and sections placed on Superfrost slides (Fisher). Detection of epitopes was performed as 

described (Cowan et al., 2001) with chicken anti-GFP (1:500, AbCam) or rat anti-CD34 
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(1:75, BD) primary antibodies and A594 anti-rat (1:200, Molecular Probes) and A488 anti-

chicken (1:200, Molecular Probes) secondary antibodies. Sections were coverslipped with 

vectashield (Vector Labs) and imaged on a Leica DMI6000B inverted fluorescent 

microscope. Images were captured with a Q-imaging Retiga 4000R monochrome camera 

and processed with Openlab (Improvision). Whole embryo and placenta photos were 

stitched together from 6–8 overlapping photos in Photoshop. Overlay analysis on placental 

sections was performed with “Colocalization Highlighter” plugin for ImageJ (created by 

Pierre Bourdoncle, Institut Jacques Monod, Service Imagerie, Paris, 

bourdoncle@ijm.jussieu.fr) with default values.

Whole EPCs cultured on coverslips were treated similarly with a few modifications. 

Coverslips were blocked in 3% BSA with 0.2% Triton-X for 30 minutes, then incubated 

with chicken anti-GFP (1:500, AbCam) and rabbit anti-placental lactogen I (Pl-I, or 

PRL3D1,1:250, Chemicon) for 2 hours at room temperature. After washing with PBS-T and 

re-blocking for 10 minutes, they were incubated with secondary antibodies, washed, 

counterstained, mounted and imaged as above.

Ectoplacental cone collection and culture

Ectoplacental cones (EPCs) were isolated from E8.5 conceptuses heterozygous for Chr 7 

SNPs as described (Nagy et al., 2003). EPCs were cultured in a 4-well dish as described (El-

Hashash and Kimber, 2004). For immediate RNA and DNA preparation, 5–6 EPCs were 

pooled and frozen on dry ice. EPCs were cultured on fibronectin-coated 12 mm glass 

coverslips (VWR) in DMEM supplemented with 20% FCS, penicillin/streptomycin (Gibco), 

and L-glutamine (Gibco) for 5 days before either being collected with trypsin, pooled, and 

frozen for RNA and DNA extraction, or fixed for 30 minutes at room temperature in 4% 

PFA for IHC.

Results

Generation of a GFP insertion on distal chromosome 7

The Tel7KI allele was recovered as a Cre-mediated insertion at the Ins2 allele I2loxP using a 

linear telomere seed vector (Fig. 1A) (Oh et al., 2008). We hypothesize that a circular 

intermediate (Fig. 1B) provided a substrate for a Cre-mediated insertion of the vector at the 

I2loxP site, resulting in G418-resistant ES cell colonies following the reconstitution of a 

functional Pgk-loxP-neopA marker (Fig. 1C) (Sauer, 1993; Hardouin and Nagy, 2000).

The structure of Tel7KI was confirmed by genomic PCR, Southern blot, and DNA FISH (Oh 

et al., 2008). The insertion is conditional and can be excised by transient Cre production in 

ES cells (Supplementary material, Fig. S1). A mouse line carrying this allele was previously 

derived (Oh et al., 2008). Tel7KI animals have now been maintained on the 129S1/SvImJ 

background for seven generations with no abnormal phenotype observed. The line was also 

outcrossed onto the CD-1 outbred background with no noticeable differences in expression 

phenotypes. The results presented here therefore combine observations made on both strain 

backgrounds. In this study, by expression of Tel7KI we refer to the transcription of the 
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EGFP reporter from the CAG promoter, detection of GFP fluorescence, or immunological 

detection of the EGFP protein itself.

Imprinted GFP expression in post-implantation embryos

We hypothesized that the CAG-EGFP reporter might be regulated by imprinting signals in 

the context of its insertion site within the IC1- and IC2-regulated domains in the Tel7KI line. 

To address this possibility, we examined pre- and post-implantation embryos carrying either 

a maternally or paternally derived copy of Tel7KI. In E3.5 blastocysts, GFP fluorescence is 

observed in inner cell mass and trophectoderm cells upon both maternal and paternal 

inheritance (Fig. 2A). Starting at E7.5, the GFP reporter is expressed in a parent-of-origin-

specific manner and GFP fluorescence is observed only in the embryos inheriting Tel7KI 

from the maternal germline (KI/+, data not shown and Fig. 2B, 3A). The widespread GFP 

activity of the maternal allele has been consistently observed at all stages examined, from 

E7.5 to E18.5 (Fig. 2B, 3A and data not shown), but little GFP expression is observed in 

transgenic KI/+ neonates or in adult tissues (data not shown).

Upon paternal transmission, the GFP reporter is silenced in most embryonic tissues (+/KI, 

Fig. 2B, 3A). The exception is the developing gonad, which showed strong GFP expression 

in all the E11.5 and later stage embryos examined (E14.5 shown in Fig. 2B, white arrow). 

Furthermore, in some embryos, particularly at later stages, localized foci of GFP-expressing 

cells are observed in the heart (Fig. 2B, arrowheads), and less frequently and in a more 

variable pattern, in the brain. Importantly, this parent-of-origin specific expression of GFP 

from Tel7KI is reversible. Female mice inheriting a silent allele from their fathers give 

embryos which show high levels of GFP expression and male mice with an active maternal 

allele give rise to GFP-negative progeny. Our results indicate that the epigenetic parent-of-

origin specific marking of Tel7KI is appropriately reset at each generation as observed at 

endogenous imprinted loci.

Promoter DNA methylation marks are acquired on the silent paternal Tel7KI allele after 
fertilization

Since the CAG-EGFP reporter is CpG rich we hypothesized that DNA methylation might be 

implicated in the regulation of its expression in Tel7KI embryos. We devised a sodium 

bisulfite sequencing assay to examine 36 CpG dinucleotides from the 5′ portion of the 

reporter, including part of the chicken β-actin promoter, the transcription start site, exon 1 

and part of intron 1 (Fig. 2C). First, we analyzed two different developmental stages (E10.5 

and E14.5), both of which show high levels of GFP expression from the maternal allele 

(KI/+) and no GFP in +/KI embryos (Fig. 2A). At E10.5 there is a striking difference in the 

level of DNA methylation at the CAG promoter region between maternal (16%) and paternal 

(69%) transmission of Tel7KI (Fig. 2C). This methylation difference is maintained at E14.5, 

where the paternal allele is methylated at more than 85%. During this period we also 

observed an increase in the methylation level of the expressed maternal allele which is not 

fully unmethylated despite the high expression levels.

In order to determine whether the DNA methylation at the promoter driving GFP expression 

from Tel7KI constitutes a germline imprint, mature sperm collected from a 1-year old 
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transgenic +/KI male was analyzed. No methylation was detected in the epididymal sperm 

sample (Fig. 2C, bottom left panel). Finally, we examined CpG methylation at the EGFP 

open reading frame (ORF) at E14.5 to see if the observed differential methylation extended 

past the promoter region. The EGFP ORF is also CpG-rich (51 CpGs in 732bp), but no 

differences in DNA methylation levels were observed between maternal and paternal 

transmission of Tel7KI as both alleles were highly methylated (89% for +/KI and 94% for 

KI/+; Fig. 2C). Our results are consistent we the observation that mammalian genes are often 

methylated in the body of the gene (Hellman and Chess, 2007; Ball et al., 2009), and suggest 

that at Tel7KI only the CAG promoter methylation respond to imprinting signals.

Expression of the maternally inherited Tel7KI is tissue-specific

To analyze the profile of GFP expression during development, we collected E9.5 embryos of 

all four possible genotypes: wild-type (+/+), paternal hemizygous (+/KI), maternal 

hemizygous (KI/+), or homozygous mutant (KI/KI). Analysis of GFP fluorescence in whole 

mount showed a clear pattern of imprinted expression, with fluorescence only detected from 

the maternal allele in KI/+ and KI/KI embryos (Fig. 3A). These embryos were disaggregated 

and single-cell suspensions were analyzed by flow cytometry. While no cells expressing 

GFP above wild-type background were detected in +/KI embryos, approximately 40% of 

cells analyzed from KI/+ and KI/KI embryos express GFP at high levels (Fig. 3B, C). GFP 

expression was also analyzed by quantitative RT-PCR (Q-RT-PCR) for two individual 

embryos of each genotype at E10.5. The results confirmed the absence of GFP expression in 

wild-type or paternal transmission embryos and detected a variable level of expression from 

the maternal allele in KI/+ and KI/KI embryos (Supplementary Material, Fig. S2).

We then asked whether the expression detected upon maternal transmission reflects a 

reproducible tissue-specific or a stochastic pattern of expression. Fixed E12.5 KI/+ embryos 

were analyzed by immunohistochemistry on frozen sections using an antibody against GFP. 

Two independent embryos from two different E12.5 litters were analyzed (only two 

littermates are shown in Fig.4). The production of GFP was observed most strongly in the 

heart and central nervous system (CNS), both exhibiting consistently high levels of 

expression in all embryos examined. In other tissues, GFP expression was lower but still 

detectable above background (Fig. 4). Most tissues contained at least some cells expressing 

GFP, but no tissues outside the heart and CNS showed consistent high-level GFP expression. 

The results show a clear tissue-specific expression acting on the maternally inherited, non-

imprinted allele of Tel7KI.

Tel7KI is not imprinted in the placenta

Tel7KI placentae were found to deviate from the pattern of imprinted GFP expression seen 

in the embryo. Both paternal and maternal transmission placentae show punctate GFP 

expression throughout the placenta (Fig. 5A). The molecular basis for this deviation from 

the embryonic patterns was examined by DNA methylation analysis at the GFP promoter of 

the Tel7KI allele in E14.5 placentae. At E14.5, while the paternal allele is methylated at a 

much higher level than the maternal allele in the embryo (Fig. 2C), these epigenetic 

differences are not observed in whole placentae (Fig. 5B). Both maternal and paternal 
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transmission placentae are moderately methylated (38% paternal, 50% maternal), and there 

is no significant difference between their levels of DNA methylation.

Our results therefore suggest that in the placenta the Tel7KI allele does not acquire the dense 

DNA methylation mark which characterizes the paternal allele in the embryo. Alternatively, 

imprinted expression could be lineage-specific in the placenta and restricted, for instance, to 

the extra-embryonic mesoderm (ExM), with the trophoblast lineage showing a relaxation of 

imprinting. We addressed this possibility by analyzing sections of E12.5 placentae by 

immunohistochemistry to determine which placental cell types were producing GFP from 

Tel7KI. Expression patterns of GFP upon maternal or paternal transmission were similar: a 

punctate pattern of expression throughout the labyrinth, spongiotrophoblast, and giant cell 

layer was observed, with the highest level of expression seen in the giant cell layer (Fig. 

6A). No major differences were observed between +/KI and KI/+ placentae. This is in sharp 

contrast with the pattern of GFP expression observed from the X-linked D4 transgene. In the 

mouse, X chromosome inactivation is imprinted in the trophoblast lineage, with preferential 

inactivation of the paternally inherited X chromosome. We compared the placental 

expression of Tel7KI with that of the X-linked EGFP inherited paternally in a female 

placenta (Fig. 6A, XXgfp). As observed previously, imprinted silencing of the paternally 

inherited transgene is maintained in most trophoblast cell types, with the exception of giant 

cells which show abnormal relaxation of silencing and activation of the GFP transgene 

(Hadjantonakis et al., 2001). Unlike the Tel7KI allele, D4 is broadly expressed in the 

labyrinth, as would be expected in these epiblast derivatives undergoing random X-

inactivation in the ExM.

Using immunohistochemistry for CD34 the pattern of expression of GFP in the ExM of the 

placenta was analyzed (Sánchez et al., 1996). If Tel7KI is imprinted in all epiblast 

derivatives we predicted that, as in the embryo, GFP expression should be visible in ExM 

only upon maternal transmission. However we observed little co-localization between CD34 

and GFP, indicating that Tel7KI is not highly expressed in extraembryonic mesoderm in 

either paternal or maternal hemizygotes (Fig. 6B). In contrast, a placenta from a female 

embryo carrying the paternally-derived X-linked GFP shows high co-localisation between 

these two markers.

We next asked whether the GFP expression and lack of methylation upon paternal 

transmission of Tel7KI in the placenta was due to loss of methylation during placental 

growth. It is possible that the hypomethylation of the placenta (Rossant, 1986) causes a 

reduction in methylation at Tel7KI and a concomitant increase in expression of GFP. We 

isolated ectoplacental cones (EPCs) from E8.5 transgenic embryos and examined DNA 

methylation at Tel7KI both before and after culturing the EPCs in vitro for 5 days. During 

this differentiation period, cultured diploid trophoblast cells give rise to polyploid secondary 

giant cells which show strong GFP fluorescence in +/KI cultures. By immunohistochemistry, 

the high levels of GFP co-localize with cells expressing placental lactogen 1 (product of the 

Prl3b1 gene), a giant cell marker (Fig. 5C), although several PRL3B1-negative cells of lower 

ploidy were also found to be expressing GFP (Fig. 5C, arrowheads). We found no DNA 

methylation at Tel7KI in the uncultured +/KI E8.5 EPCs (Fig. 5D, d0 panel). However, upon 

culturing, some de novo DNA methylation was observed at Tel7KI (Fig. 5D, d5 panel). This 
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suggests that the moderate amount of DNA methylation seen in mature paternal transmission 

placentae is not due to loss of methylation, but rather that the density of methyl groups 

present in the embryo is in fact never acquired in the placenta on the paternal allele. Our data 

also show that trophoblast derivatives are capable of methylating Tel7KI and that DNA 

methylation is not restricted to the epiblast-derived ExM lineage.

Our analysis has also revealed that in two different imprinted GFP transgenic lines, Tel7KI 

on Chr 7 and D4 on the X chromosome, the trophoblast giant cell lineage demonstrates high 

levels of GFP expression (Fig. 6A). This reactivation in the D4 line has been hypothesized to 

reflect loss of imprinted X-inactivation in TGCs (Hadjantonakis et al., 2001). To determine 

whether this cell lineage shows a general defect in the maintenance of epigenetic silencing 

we analyzed the status of endogenous imprinted genes in TGCs differentiated from EPCs in 

vitro (Gonçalves et al., 2003; El-Hashash and Kimber, 2004). The distal Chr 7 imprinted 

genes H19, Igf2, and Cdkn1c exhibited normal imprinted expression in TGCs, and the H19 

DMR (IC1) and KvDMR1 (IC2) maintained their normal allele-specific pattern of DNA 

methylation (Supplementary material, Fig. S3). Our results show that the Tel7KI line is not 

imprinted in trophoblast lineages and that relaxation of imprinting is not seen globally at 

endogenous imprinted loci in trophoblast giant cells. We thus predict that the high level of 

GFP observed in TGCs in both Tel7KI and D4 is transgene-specific and does not reflect 

changes in epigenetic instability in this cell type.

Discussion

We have characterized a new GFP transgenic reporter for the epigenetic regulation of gene 

expression by genomic imprinting in the mouse. Tel7KI is an imprinted allele, allowing easy 

monitoring of the developmental cycle of imprinting and gene silencing, and offering new 

opportunities for the study of these phenomena in vivo in the context of the developing 

embryo. Our analysis of Tel7KI has established the following characteristics for its 

developmental regulation: (i) Tel7KI behaves as an imprinted allele and its GFP reporter is 

maternally expressed in the embryo. (ii) DNA methylation at Tel7KI is not inherited from 

the germline, but is acquired preferentially on the paternal allele post-fertilization. (iii) The 

maternal allele is broadly expressed in the embryo, following a fixed tissue-specific pattern. 

(iv) The imprinting of Tel7KI is not maintained in the placenta, where Tel7KI is expressed 

from both alleles in trophoblast lineages. Our analysis of trophoblast giant cells has also 

revealed that the expression of autosomal or X-linked imprinted reporters in these cells do 

not reflect a fundamental instability of imprints in this polyploid lineage. Together these 

observations shed light on the mechanism of acquisition of imprinted expression by novel 

transcripts in the mammalian genome and raise important questions on the mechanisms of 

regulation of imprinting in the context of distal mouse Chr 7.

In the embryo, the inserted GFP reporter behaves as a maternally expressed gene. Several 

randomly inserted transgenic constructs have previously been shown to respond to parent-of-

origin effects (Reik et al., 1987; Sapienza et al., 1987; Swain et al., 1987; Ueda et al., 1992). 

In contrast to what we observed at Tel7KI, these imprinted transgenes are paternally 

expressed and acquire a gametic DNA methylation imprint specifically during oogenesis. 

This silencing pathway is widely used in the regulation of endogenous paternally expressed 
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imprinted genes, characterized by germline DNA methylation imprints of maternal origin 

(Reik and Walter, 2001b). A related mechanism which has been proposed for the generation 

of new imprinted transcripts during evolution involves the insertion of processed retrogenes 

in the genome (Nabetani et al., 1997; Wood et al., 2007). These retrogenes also acquire 

DNA methylation imprints in the maternal germline, providing the epigenetic mark 

responsible for their imprinted expression. Examples include U2af1-rs1 (Nabetani et al., 

1997), Inpp5f_v2 (Choi et al., 2005), Mcts2 (Wood et al., 2007), and Peg10 (Ono et al., 

2003).

Tel7KI provides a paradigm for a different process, namely the acquisition of imprinting 

upon an inserted transcriptional unit. In evolution this could manifest itself in 

rearrangements or translocations involving an already imprinted host locus. The imprinting 

of exogenous sequences inserted within known imprinted regions by gene targeting has 

previously been documented in the IC1 regulated region close to Tel7KI insertion 

(Ainscough et al., 1997; Ripoche et al., 1997). The behavior of these transgenes have 

established that non-imprinted elements, when inserted within an imprinted locus, can 

acquire functionally relevant epigenetic imprints. In these examples, the inserted element 

essentially acquires the imprinted pattern of the targeted locus. This is not observed at the 

Tel7KI allele, inserted less than 3 kb upstream of the Ins2 gene (Oh et al., 2008). Ins2 is 

biallelically expressed in all tissues other than the developing yolk sac, where it shows 

preferential expression of the paternal allele (Deltour et al., 1993; Giddings et al., 1994; 

Deltour et al., 1995). The imprinting of Tel7KI and its exclusive expression from the 

maternal allele suggest that transcription of the GFP reporter has fallen under the regulation 

of long-range imprinting signals. Our results show that interactions between Tel7KI and 

these signals can generate a new imprinted locus with a complex tissue-specific imprinted 

pattern of expression. This provides a model for the acquisition of imprinted expression by 

novel genes during evolution and a new framework to dissect the epigenetic differences 

between embryonic and extraembryonic lineages in maintaining and interpreting the 

underlying epigenetic signals.

In the context of our current understanding of imprinting on distal Chr 7, the regulation of 

Tel7KI suggests that the effects of existing imprinting centres can reach loci located further 

than previous appreciated. Based on the ontogeny of allele-specific methylation described 

here at the Tel7KI allele, we envisage that either the H19 DMR (IC1) or KvDMR1 (IC2) 

could be responsible for the imprinted expression observed at Tel7KI and propose two 

models for its imprinted behavior (Fig. 7).

In the IC1 domain, the DNA methylation patterns at Igf2 are reminiscent of what we have 

observed at Tel7KI, though the parental expression of these two genes is opposite. Both 

Tel7KI and Igf2 are paternally methylated but Igf2 is also paternally expressed, the 

hypothesis being that the paternal methylation on this gene represses a silencer element 

(Constância et al., 2000). The methylation acquired on the paternal allele of Tel7KI could 

mimic the situation at Igf2, but in the case of Tel7KI the promoter DNA methylation would 

result in silencing of GFP transcription (Fig. 7B). Not only is the timing of acquisition of 

DNA methylation similar for Igf2 and Tel7KI (Lopes et al., 2003), but we also note a 

parallel with regard to imprinted transcription, the Igf2 gene being biallelically expressed in 
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blastocysts, as we observed for Tel7KI (Szabó and Mann, 1995). For Igf2, this is likely to 

reflect a basal rather than activated biallelic transcription. Whether or not a similar basal 

transcription is responsible for the observed biallelic expression of Tel7KI in blastocyst 

remains to be determined.

The current model of how the maternal DMRs of Igf2 remain unmethylated involves 

chromatin looping, CTCF binding, and epigenetically-mediated contact between distant sites 

(Lopes et al., 2003; Murrell et al., 2004). The Tel7KI allele is found more than 20 kb away 

from the Igf2 CpG-rich region involved in this looping. Furthermore, the gene found in 

between Igf2 and Tel7KI, Ins2, is imprinted only in embryonic yolk sac endoderm, and has 

not been implicated in this looping model. However, it is interesting to note that circular 

chromosome conformation capture experiments designed to identify genomic regions 

physically associated with the CTCF complex at IC1 have uncovered several interacting 

regions on distal Chr 7, including 3 sites immediately distal of the Tel7KI insertion site and 

two other sites proximal of Th, located ~300 kb telomeric of Ins2 (Zhao et al., 2006). Our 

model therefore raises the possibility that the allele-specific regulation mediated by IC1 

extends distally beyond Ins2, perhaps as far as the Th locus, which is consistent with the 

recent finding that Th is preferentially expressed from the maternal allele in the placenta 

(Schulz et al., 2006). A prediction from this model would be that absence of CTCF binding 

from the maternal IC1 should lead to acquisition of DNA methylation at the maternal Tel7KI 

and silencing of the GFP.

The post-fertilization acquisition of DNA methylation on the silent paternal Tel7KI allele is 

also reminiscent of that observed at the IC2-regulated maternally expressed Cdkn1c, the 

only imprinted gene regulated by IC2 which contains its own CpG island (Lewis et al., 

2004). The pattern of Cdkn1c methylation is similar to that observed at Tel7KI, with 

paternal methylation acquired between E6.5 and E8.5, though the GFP from Tel7KI 

becomes monoallelically expressed between E4.5 and E7.5, while Cdkn1c is already 

preferentially maternally expressed at E4.5 and is imprinted in both embryo and placenta 

(Hatada and Mukai, 1995; Mager et al., 2003; Bhogal et al., 2004; Lewis et al., 2004; 

Umlauf et al., 2004). Interestingly, other genes regulated by IC2 are biallelically expressed 

in blastocysts and acquire their monoallelic expression during post-implantation 

development (Lewis et al., 2006). These genes, Tssc4 (Paulsen et al., 2000) and Cd81 
(Umlauf et al., 2004), are imprinted only in the placenta, which is opposite to what we 

observed at Tel7KI. Like in the case of Ascl2, these IC2-regulated genes are not known to 

acquire repressive DNA methylation marks on the paternal allele and their inactive state 

might rely solely on ncRNA-induced histone modifications. It is possible that the 

combination of being located at a distance from IC2 and containing a CpG island has 

resulted in a unique combination of mechanisms regulating Tel7KI.

Unlike the situation at IC1 where long-range effects involve an epigenetically regulated 

insulator, imprinting in the IC2 sub-domain is dependent on the cis-spreading of repressive 

chromatin via the action of a large non-coding RNA, Kcnq1ot1 (Lee et al., 1999; Fitzpatrick 

et al., 2002; Umlauf et al., 2004). In our second model, we propose that Tel7KI is regulated 

by IC2 through the action of Kcnq1ot1 which would spread a further 300 kb towards the 

proximal IC1 sub-domain (Fig. 7C). We hypothesize that in the blastocyst, the imprinting 
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signal from IC2 has not yet reached Tel7KI, as is observed by biallelic expression of distal 

or “placentally-imprinted” IC2-regulated genes (Lewis et al., 2004; Terranova et al., 2008). 

However, a main difference between Tel7KI and endogenous genes of the IC2 cluster is that 

Tel7KI contains a CpG island (Lewis et al., 2004). Thus, it is possible that IC2 can act on 

Tel7KI only in the embryo and only through the presence of sites capable of acquiring DNA 

methylation. According to this second model, we predict that deletion of IC2 in cis of 

Tel7KI or truncation of the Kcnq1ot1 ncRNA should prevent silencing of the paternally 

inherited allele, as indeed observed for endogenous IC2-regulated genes (Fitzpatrick et al., 

2002; Mancini-Dinardo et al., 2006; Shin et al., 2008). We have now established ES cell 

lines hemizygous for the Tel7KI mutation and we are in the process of testing the respective 

roles of IC1 and IC2 in the regulation of Tel7KI silencing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cre-mediated insertion at the Ins2 locus and structure of the Tel7KI allele
(A) Diagram of the imprinted domain on distal Chr7 showing the location of the insertion 

upstream of Ins2 (arrowhead), relative to the two imprinting centers (IC). Maternally and 

paternally expressed genes are in white and grey, non-imprinted genes in black; arrows show 

transcriptional orientation. Structure of the targeted I2loxP allele, with its promoterless loxP-

neo-polyA (loxP-neopA) cassette inserted 2.6 kb telomeric to Ins2 (below). (B) Proposed 

mechanism to generate a circular intermediate in I2loxP/+ ES cells. The linear targeting 

vector is postulated to have multimerized, then a circular intermediate was resolved by Cre 

from this array. This provided a substrate for Cre-mediated insertion at I2loxP. (C) Resulting 

structure of the loxP-flanked Tel7KI allele showing the telomeric repeats (tel), the 

ubiquitous EGFP reporter (pCX-EGFP), and active Pgk-loxP-neopA marker.
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Fig. 2. Relationship between imprinted GFP expression and DNA methylation at the CAG 
promoter in post-implantation embryos
(A) E3.5 maternal (KI/+) and paternal (+/KI) heterozygous embryos were collected from 

crosses between wild-type C57BL/6J and Tel7KI (KI for short) heterozygous mice. Pre-

implantation embryos were observed by microscopy under bright field (left) or GFP 

fluorescence (right). Scale bar: 20 μm. (B) Imprinted expression of Tel7KI in post-

implantation embryo. E10.5, E12.5, and E14.5 embryos carrying a maternal (KI/+) or a 

paternal (+/KI) Tel7KI were visualized under bright field (left) or GFP fluorescence (right). 

Occasional GFP fluorescence is observed in hearts of +/KI embryos (white arrowheads), and 

GFP expression from the gonads of +/KI embryos can be seen through the body wall after 

E13.5 (white arrow). Scale bar: 1 mm. (C) Structure of the CAG-EGFP reporter of Tel7KI 

(above) showing the CMV enhancer, the chicken β-actin promoter, and a 5′ intron from the 

chicken β-globin gene, fused to EGFP. Sequencing of sodium bisulfite-modified genomic 

DNA (below) purified from paternal (+/KI) and maternal (KI/+) transmission embryos and 

mature sperm from a +/KI adult male. Circles represent methylated (filled) or unmethylated 

(open) CpGs; absent circles indicate ambiguous sites.
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Fig. 3. Regulation of GFP expression from Tel7KI in post-implantation embryos
(A) E9.5 wild-type (+/+), paternal transmission (+/KI), maternal transmission (KI/+), and 

homozygous (KI/KI) embryos show imprinted expression of GFP viewed in bright field 

(above) and under GFP fluorescence (below). Scale bar: 1 mm. (B) Flow cytometry data of 

single disaggregated E9.5 mouse embryos. GFP expression profiles are from single +/+ 

(red), +/KI (blue), KI/+ (green), and KI/KI (orange) embryos. (C) Summary of flow 

cytometry analysis over multiple litters showing the percentage of cells expressing GFP in 

E9.5 embryos. Bars indicate mean and standard deviation of results obtained from multiple 

individual embryos: +/+ n=3, +/KI n=9, KI/+ n=14, and KI/KI, n=4.
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Figure 4. Tissue-specific expression of GFP in maternal transmission Tel7KI embryos
GFP expression in 14-μm frozen sections of E12.5 maternal transmission embryos. Two 

embryos were stained with a polyclonal anti-GFP antibody and counterstained with DAPI to 

examine extent and reproducibility of GFP expression from the maternal allele of Tel7KI. 

Scale bars: 1 mm.
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Fig. 5. Lack of imprinted GFP expression and DNA methylation at Tel7KI in the placenta and in 
cultured trophoblast giant cells
(A) Placentae carrying maternal (KI/+) or paternal (+/KI) alleles of Tel7KI visualized under 

bright field (left) and GFP fluorescence (right) at E10.5, E11.5, and E12.5. Scale bars: 1 

mm. (B) Promoter DNA methylation analysis by bisulfite sequencing at Tel7KI in whole 

E14.5 placentae carrying a maternal (KI/+) or paternal (+/KI) Tel7KI. Filled circles 

represent methylated CpGs, open circles represent unmethylated CpGs and absent circles are 

CpGs for which data is unavailable. (C) Immunohistochemical detection of GFP in giant 

cells. Trophoblast giant cells (TGCs) grown from EPCs in culture for 5 days were stained 

with antibodies against GFP and the TGC marker placental lactogen 1 (PRL3D1). Scale bar: 

100 μm. (D) DNA methylation analysis of paternal transmission Tel7KI E8.5 EPCs both 

uncultured (d0) and cultured in vitro for 5 days (d5). Sodium bisulfite-modified genomic 
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DNA was analyzed for DNA methylation patterns at the CAG promoter of the paternal 

Tel7KI allele.
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Fig. 6. Placental expression of Tel7KI
14-μm frozen sections of E12.5 placentae were analyzed for GFP expression with an anti-

GFP antibody (green). Samples are from conceptuses with maternal (KI/+) or paternal 

(+/KI) Tel7KI and from a female conceptus carrying the pCX-EGFP D4 transgene on its 

paternal X chromosome (XXgfp). (A) Sections counter-stained with DAPI (blue). Scale bars: 

1 mm. Lower panels show higher magnification views of the areas boxed above, 

highlighting the GFP-positive giant cell layer at the fetal-maternal interface (dotted lines) 

and the trophoblast glycogen cells which have migrated into the decidua in both Tel7KI 

placentae. Scale bars: 200 μm. (B) Expression of GFP in the extra-embryonic mesoderm 

assessed by co-immunohistochemical staining with antibody against CD34 (red). Scale bars: 

1 mm. Lower panels: magnification of the areas boxed above, showing co-localization of 

GFP and CD34 staining with overlap highlighted in white. Scale bars: 200 μm. The 
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structures labeled include the maternal decidua (d), the giant cell (gc), spongiotrophoblast 

(sp), and labyrinthine (lab) layers.
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Fig. 7. Models for long-range regulation of Tel7KI
(A) The maternal chromosome is marked by a DNA methylation imprint at IC2. The Tel7KI 

promoter is unmethylated and active. (B) In the first model, the germline imprint on the 

paternal IC1 spreads not only to Igf2 but also to Tel7KI. Whereas this inhibits the function 

of Igf2 silencers, the promoter methylation leads to silencing of the paternal Tel7KI allele. 

(C) Another model implicates long-range silencing on the paternal chromosome by 

formation of the Kcnq1ot1 non-coding RNA, which bidirectionally spreads repressive 

histone marks in the IC2 cluster (dotted lines) and silencing DNA methylation at Cdkn1c 
and Tel7KI (solid lines).
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